DA-P, fraction of peptides with a molecular weight <1 kDa isolated from Dendrobium aphyllum, was analysed in three types of cell lines to verify its bioactivity and absorptivity. The cellular antioxidant activity of DA-P in HepG2 cells was used and results revealed an EC50 of 2.88 AE 0.143 mg mL À1 and a CAA unit of 63.46 AE 2.11 lM QE/100 g peptides. DA-P treatment enhanced the secretion of cytokines in RAW 264.7 cells. After demonstrating the presence of tight junctions in Caco-2 monolayers, the absorption was 25.57% AE 0.016% and 19.7% AE 0.012% from different sides. The relatively high absorption indicated that the antioxidant-relevant immune functions of DA-P had a greater possibility to be absorbed by Caco-2 cells. Free amino acids and LC-MS/MS analysis indicated the degradation and expulsion of components after the absorption of DA-P, and Ser-Ser-Arg was able to come across the monolayers.
Introduction
Dendrobium aphyllum, belonging to Dendrobium, the second largest genus in the Orchidaceae family, is currently cultivated widely in China, particularly in Yunnan province due to its low land demand and remarkable commercial value as a functional food source (Zi et al., 2014; Liu et al., 2017) . Kinds of bioactive compounds, including polysaccharides and peptides, were found in this species.
A cellular antioxidant activity (CAA) assay is one of the most effective methods to quantify antioxidant activity at the cellular level (Wolfe & Liu, 2007) . Compared with in vitro chemical antioxidant activity assays, CAA can analyse the antioxidant capabilities from a biological perspective and assess the absorption, distribution and mechanism of antioxidants in cells. Normally, the human hepatoma cell line HepG2 is used for the determination of the antioxidant capability of test substances, with dichlorofluorescein used as the probe (Mcdowell et al., 2011) .
Macrophages, the initial immune response in the human body, are major components of the immune defence system to prevent cancer and inflammation (Liao et al., 2015) . One pathway involved in the immune response of activated macrophages occurs through the release of cytokines, including nitric oxide (NO), interleukin-6 (IL-6) and tumour necrosis factora (TNF-a). The RAW 264.7 cell lines are commonly used to analyse the immune bioactivity of test substances, in which macrophages are incubated with the test substance and the level of cytokines (Liao et al., 2015; Zhang et al., 2016) is subsequently evaluated.
The human colorectal adenocarcinoma cell line Caco-2 is the gold standard for the in vitro prediction of the permeability and absorption of drugs and nutrients and has therefore been employed widely to measure test substance transport, as it exhibits morphological and functional similarities to cells in the small intestine (Borchardt, 2011; Wang et al., 2015) . When the cells were fully differentiated, the absorption of the test substance was in line with the permeability across a Caco-2 monolayers, which indicated that the tight junctions of Caco-2 monolayers should meet the relevant standards (Hubatsch et al., 2007; Borchardt, 2011) .
In our previous study, the amino acid analysis and HPLC-MS/MS analysis of the fraction of extracted peptides below 1 kDa in molecular weight indicated the strong antioxidant potential of the low molecular weight D. aphyllum peptide (DA-P) fractions (as Tables S1 and S2 shown). However, the antioxidant potential remained unknown at a biological level. Meanwhile, it was reported that a strong antioxidant capability could result in satisfactory immune effects, with all benefits of the functional compounds for humans appearing after intestinal absorption. Therefore, in this study, the strong antioxidant activity of the peptide fractions isolated from D. aphyllum was evaluated in model HepG2 cells, their immune effects in model RAW 264.7 cells, and their peptide absorption in model Caco-2 cells. This study provides useful information on DA-P and suggests directions for future research on the functional use of D. aphyllum.
Materials and methods

Chemicals
Fresh samples of D. aphyllum (1 kg) were collected from the GAP farm located in Xishuangbanna, Yunnan province, China. The samples were authenticated by experts from the Department of Life Science, South China Agricultural University. The Lactobacillus amylolyticus 6 (L6) strain was obtained from the Laboratory of Food Science and Engineering, South China University of Technology. Caco-2 cells were purchased from Guangzhou Lederer Biological Co. Ltd (Guangdong, China). Human hepatoma cell line HepG2 was purchased from the Medical College of Sun Yat-Sen University (Guangzhou, China). RAW 264.7 cells were procured from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Lipopolysaccharide (LPS) and Griess reagent were obtained from Sigma. Mouse TNF-a-and IL-6-detecting enzyme-linked immunosorbent assay (ELISA) kits were obtained from R&D Systems (Minneapolis, MN). Transwell plates (12-well, polyester film, aperture 0.4 lm, membrane area 1.12 cm 2 ) were obtained from Corning, USA. The MTS cell proliferation and toxicity test kit was purchased from Bebo Biotechnology Co. Ltd. All other chemicals and reagents used were of analytical grade and commercially available.
Preparation of the DA-P fraction
The fermentation and extraction of the D. aphyllum peptides was performed in accordance with the methods of Liu et al. (2017) . To sum up, 10 g of dried stems was fermented by Lactobacillus amylolyticus 6 (5 9 10 5 -10 6 colony forming units g À1 ) under the conditions: ratio of material to solvent, 1:4 (w/v); inoculum size, 21%; fermentation time, 46 h and fermentation temperature, 37°C. Subsequently, the dried sample was treated with 200 mL ultrapure water (1:20, w/v) at 37°C for 1 h in a water bath. The D. aphyllum peptides <1 kDa (DA-P) were obtained after ultrafiltration, lyophilisation; and DA-P was stored at À20°C until use.
Cell culture
The cell lines HepG2, RAW 264.7 and Caco-2 were thawed in a water bath (37°C) immediately and centrifugation at 1000 g for 10 min (Zhang et al., 2017) , subsequently incubated in a humidified atmosphere of 5% CO 2 at 37°C. The DMEM high-glucose medium contained 10% heat-inactivated foetal bovine serum, 100 lg mL À1 streptomycin and 100 U mL À1 penicillin.
Cell viability assay
HepG2, RAW 246.7 and Caco-2 cells were seeded at a concentration of 1 9 10 6 cells mL À1 and incubated for 24 h. Subsequently for a further 24 h, HepG2 cells were treated with 93.75, 187.5, 375, 750, 1500 or 3000 lg mL À1 DA-P for 24 h, Caco-2 cells were treated with 100, 200, 400, 800 or 1000 lg mL À1 DA-P, and RAW 264.7 cells were treated with 62.5, 125, 250, 500 or 1000 lg mL À1 DA-P. An equal volume of medium was used as the control treatment. After removal of the cell supernatant, the MTT assay was conducted and the cell viability was calculated from the following equation (Angius & Floris, 2015 
CAA assay
The intracellular antioxidant capacity of DA-P was evaluated by CAA assay using the method described by Zhang, with some modifications. Cells in the logarithmic phase of growth were incubated on a 96-well microplate (6 9 10 4 cell/well). After incubation for 24 h in a 37°C incubator, the culture medium was removed and replaced with culture medium containing DA-P (375, 750, 1500 and 3000 lg mL À1 ) and 25 lM DCFH-DA; quercetin (10 lM) was used as the positive control. After incubation for another 2 h, 0.5 mM AAPH was added to each well, which was then washed with PBS. The fluorescence was evaluated every 10 min for 1 h using a Fluoroskan Ascent microplate fluorimeter at an excitation wavelength of 488 nm and an emission wavelength of 525 nm. The fluorescence value was calculated using the method of Liao et al. (2014) .
Endotoxin determination of DA-P Tachypleus amebocyte lysate for the Endotoxin Detection kit was used to determine the endotoxin content of DA-P (1000 lg mL À1 ) and LPS (0.01 lg mL À1 ).
ELISA for quantitative analysis of cytokines RAW 264.7 cells were seeded at a concentration of 1 9 10 6 cells mL À1 in 96-well plates. After culture for 24 h, various concentrations (62.5, 125, 250, 500 or 1000 lg mL À1 ) of DA-P were added to each well. LPS (25 lg mL À1 ) was used as the positive control and an equal volume of medium was used as the negative control. After culture for an additional 24 h, the cell supernatants (1000 g, 10 min) were collected and NO, IL-6 and TNF-a were measured using Griess reagent and ELISA kits.
Evaluation of the absorption characteristics in Caco-2 cells
Establishment of the Caco-2 model Caco-2 cells (0.5 mL) were plated at a concentration of 1 9 10 6 cells mL À1 and were placed in each upper room (UR) of a 12-well Transwell plate and 1.5 mL of high-glucose DMEM was added into the down room (DR) of the 12-well Transwell plate. During the first week of incubation, the medium was changed twice per day; for incubation periods beyond 1 week, the medium was changed every day until 21 days.
Determination of the tight junctions in Caco-2 monolayers
In general, three methods are used to verify the tightness of Caco-2 monolayers (Hurni et al., 1993) .
The Millipore ERS-2 resistor (Millipore, Billerica, MA, USA) was used to evaluate the trans epithelial electrical resistance (TEER) twice per day during the whole period of cell culture. The calculation of TEER was used as follows:
Sodium fluorescein was dissolved with HBSS at different concentrations (0, 0.5 lg mL À1 , 1 lg mL À1 , 2 lg mL À1 , 4 lg mL À1 or 10 lg mL À1 ), and used to determinate a standard curve of absorbance at 492 nm. The 21-day inoculation of Caco-2 cells in transwell plates was used to evaluate the absorption of fluorescein sodium. After the medium was removed, the cells were washed three times in HBSS (pre-treated to 37°C), and subsequently incubated in a humidified atmosphere for 30 min, after which 0.5 mL 4 g L À1 fluorescein sodium was added into the apical side (AP) and 1.5 mL HBSS (both at 37°C) was added into the basolateral side (BL) of the transwell plate. During the incubation in a humidified atmosphere at 30, 60, 90, 120, 150, 180 and 210 min, 100 lL HBSS solution at the BL was obtained and its absorbance was measured at 492 nm; the group with HBSS in the uninoculated Caco-2 cell-containing transwell plate was used as the control. Cytomorphology on Caco-2 monolayers was recorded daily during the incubation period using an inverted microscope (50 lm, XD-101, Jiangnan Photoelectric Co. Ltd, Nanjing, China) with OPTP ro3000 micro image collection & processing software (Chongqing OPTEC Instrument Co. Ltd, Chongqing, China).
Determination of DA-P transport in Caco-2 monolayers When stable Caco-2 monolayers were formed, the media in the AP and BL were removed carefully, and the cells were immediately washed twice in warm HBSS (37°C). After gentle washing, 0.5 mL HBSS at pH 6.0 (37°C) was added into the AP and 1.5mLwarm HBSS at pH 7.4 was added into the BL; subsequently, the transwell plate was placed in a 37°C incubator for 15 min. After incubation, HBSS was carefully removed from the transwell plate. The AP-BL group was treated with 0.75 mL DA-P solution (1 mg mL À1 , dissolved in HBSS) in the AP and 1.5 mL warm HBSS in the BL. The BL-AP group was treated with 0.75 mL warm HBSS in the AP and 1.5 mL DA-P solution (1 mg mL À1 , dissolved by HBSS) in the BL. The control group was treated with 0.5 mL warm HBSS in the AP and 1.5 mL warm HBSS in the BL. The transwell plate was then incubated in a 37°C incubator for 3 h, after which the sample solutions were collected. Before and after sample collection, the TEER in each group was evaluated as described using the above-mentioned method.
The content in each well was determined by the measurement of the absorbance at 220 nm, in which a gradient of different concentrations of DA-P, dissolved in HBSS, was used to determine the standard curve.
Absorption ð%Þ
Free amino acid composition analysis The free amino acid composition of DA-P after Caco-2 absorption was determined using an A300 auto amino acid analyser (Membra Pure, Bodenheim, Germany) in accordance with the method of You et al. (2012) , with minor modifications. First, 15% sulfosalicylic acid (1 mL) was mixed with each of the test samples (4 mL) for 1 h. Subsequently, the samples were centrifuged (3913 g, at 4°C for 10 min) to remove the precipitate from the mixture, the supernatant was diluted appropriately and filtered through a 0.22 lm filter. The free amino acid composition of this solution was then determined. Seventeen amino acid standards were used as the external standards.
HPLC-MS/MS analysis
Ultra-high pressure liquid chromatography combined with high-resolution mass spectrometry (Agilent 1290/ Brucker maXis impact) was used to characterise the DA-P structure after absorption into Caco-2 cells. The chromatography column was an Agilent SB-C18 RRHD column (1.8 lm, 2.1 9 50 mm) used with a flow rate of 0.2 mL min À1 at room temperature. The mobile phase was composed of (A) acetonitrile and (B) 0.1% formic acid in water and the detection wavelength was 220 nm. The following acquisition parameters were used: source type, ESI with positive ion polarity; dry heater set at 180°C, initial scanning, end plate offset was À500 V with 50 m/z and 4.01 min À1 of dry gas. At the end of scanning, the charging voltage was 2000 V with 1000 m/z. The injection volume of the sample was 20 lL.
Statistical analysis
The data were expressed as the mean AE standard deviation (SD) of three replicates. Significant differences between the means of different parameters were calculated using Duncan's multiple-range test computed by SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). A value of P < 0.05 was considered to indicate statistical significance.
Results and discussion
Effect of DA-P on HepG2, RAW 264.7 and Caco-2 cell proliferation
The MTT assay results indicated that no concentrations of DA-P induced toxic effects in Caco-2 cells and RAW 264.7 cells (Fig. 1a,b) because of only mild changes in cell viability, which suggested that DA-P concentrations below 1000 lg mL À1 could be used in these cells for further analysis . However, the proliferation rate of HepG2 cells was reduced to 86.43% AE 2.12% after treatment with 93.76 lg mL À1 DA-P (Fig. 1c) , which is too far from the optimal range of cell survival rate (90-110%) for use in the following CAA assays. Therefore, the concentrations of DA-P used in the HepG2 cell model were 375, 750, 1500 and 3000 lg mL À1 .
Cellular antioxidant activity of DA-P
According to the fluorescence attenuation curves of DA-P at different concentrations, the integral area was determined to evaluate the CAA unit and the corresponding median effective concentration (EC50), when using the EC50 of quercetin as the equivalent weight, which was 5.29 lM (R 2 = 0.973) and was within the range of many references (4.48-5.55 lM; Wolfe & Liu, 2007) . The concentrations of results in CAA units are shown in Fig. 1d , and the result of the conversion of log (concentration) to log (CAA unit -(100-CAA unit)) is shown in Fig. 1e . The EC50 of DA-P was 2.88 AE 0.143 mg mL À1 and the CAA unit of DA-P was 63.46 AE 2.11 lM QE/100 g peptides, as shown in Fig. 1f .
It has been proven that the peptides with low molecular weight were able to cross the cell membrane more easily and induced the intracellular antioxidant-enzyme system to eventually reduce the ROS levels in cells (Gu et al., 2012) . In accordance with our previous results, the high content of hydrophobic amino acids in the DA-P fraction (28.04 AE 4.34 g/100 g in total) was able to contribute to the high membrane permeability of the fraction; therefore, the intracellular antioxidant of DA-P on HepG2 cells was satisfactory. Wang and co-workers evaluated the intracellular ROS scavenging ability in HepG2 cells of the peptide fraction <1 kDa isolated from corn gluten meal-derived peptides, and found the EC50 was 12.40 mg mL À1 , which was significantly higher than that of the EC50 of DA-P . It was reported that the existence of Tyr and Trp at the end of peptide sequence resulted in the high scavenging capability of ROO; for example, the artificial modification of GSH through the addition of Tyr on the N-end side promotes the cells from oxidative stress (Gu et al., 2012) . Therefore, based on our previous study, as shown in Table S1 , four small molecular weight peptide sequences contained within the DA-P fraction, including Asp-Asp-Asp-Tyr (M w = 526.1502 Da), Trp-ProAla (M w = 372.1765 Da), Trp-Cys-Cys (M w = 410. 1125 Da) and Asp-Asp-Tyr-Tyr (M w = 574.1989 Da), may be the major contributory factors to the relatively high intracellular antioxidant capability.
Endotoxin content analysis
Endotoxins are the component of Gram-negative bacterial cell walls that can be used to monitor the immune response for any organic body. In our study, we detected 1.481 AE 0.0079 EU mL À1 of endotoxin in 0.01 lg mL À1 LPS, this was not detectable after treatment with 1000 lg mL À1 DA-P fraction, which implicated the absence of endotoxins in DA-P. It was reported that endotoxin levels below 1.5 EU mL
À1
were unable to induce the generation of cytokines (Chang et al., 2007) . Therefore, we inferred that the immunomodulatory effects of DA-P on RAW 264.7 cells resulted from DA-P itself, and not from endotoxins.
Effect of DA-P on cytokine production in RAW 264.7 cells
To measure the immunomodulatory effects of the DA-P fraction, three major types of macrophage activation signals, including IL-6 (Fig. 2a) , TNF-a (Fig. 2b) and NO (Fig. 2c) , were evaluated in our study. The control group, without DA-P treatment, was used to determine the basal levels of NO, IL-6 and TNF-a; the levels of these activation signals showed a significant dose-dependent increase after DA-P treatment, which indicated that the DA-P fraction could enhance the immunomodulatory effects through an increase in cytokine secretion levels. The secretion level of three cytokines inducted by 1000 lg mL À1 DA-P were all lower than that of LPS group, indicating that DA-P shown not pro-inflammatory effects on RAW 264.7 but performed immunomodulatory effects. NO is involved in a series of physiological and pathological metabolisms, and impacts the secretion level of other kinds of cytokines in macrophages. When intra-or extra cellular conditions are challenged, NO plays a role in the immune protection, damage and regulation of active macrophages (Bosc a et al., 2005) . IL-6 stimulates the proliferation and secretion of antibodies on B cells, the proliferation of T cells, and the activation of CTL, stimulated the production of acute phase proteins in hepatocytes that are involved in inflammatory reactions, and enhanced the up-regulation of haemocytes (Tsatsanis et al., 2005) . TNF-a is a strongly bioactive cytokine that directly destroys and kills cancer cells, but does not show toxic effects on normal cells (Lam et al., 2000) .
It was reported that the amino acid composition, with hydrophobic and alkaline amino acids, of the antioxidant peptide was very similar to that of immunoactive peptides (Yong et al., 2009) . Glycine and tryptophan were proven to play significant roles in both antioxidant effects and immunoactive ability (Jahandideh et al., 2016) . According to our previous analysis, as shown in Table S2 , the content of hydrophobic amino acids in the DA-P fraction was 28.04 AE 4.34 g/100 g in total amino acids and 7.59 AE 0.97 g/100 g in free amino acids, and that of alkaline amino acids was 10.71 AE 0.38 g/100 g in the total amino acids and 5.57 AE 0.32 g/100 g in free amino acids, which indicated a strong association with immune and antioxidant capabilities, and high concentrations of these two kinds of amino acids in DA-P may lead to great efforts on the above activities because the immune responses of RAW 264.7 cells are stimulated mainly through pattern recognition Figure 1 The cell survival rate of DA-P on Caco-2 (a), RAW 264.7 (b) and HepG2 (c) cells. The cellular antioxidant activity (CAA) assay of DA-P in HepG2 cells. The calculated CAA dose-response curves to DA-P concentration (d); the calculated log(CAA units) dose-response curves to log(CAA units/100-CAA units) (e); median effect plots for the inhibition of DCFH oxidation by DA-P and the CAA values of DA-P (f). The data are presented as the mean AE standard deviations of three independent experiments. The data with different letters in the same test were significantly different (P < 0.05). [Colour figure can be viewed at wileyonlinelibrary.com] receptors (PRRs) that discriminate pathogen-associated molecular patterns (Takagi et al., 2009) . One or more of the specific structures contained in DA-P existed to bind PRRs to stimulate specific intracellular pathways, thereby activating immune-related gene transcription and cytokine expression.
Analysis of the Caco-2 cell model
According to Fig. 3a , the TEER values for AP-BL and BL-AP increased steadily during the first 10 days, rapidly increased from days 10 to 12 and remained stable at approximately 400-500 ΩÁcm 2 on subsequent days. It was reported that TEER values in the range from 200 to 1000 ΩÁcm 2 suggested good tight junctions of Caco-2 monolayers; the higher TEER value resulted in more tight junctions of the cell monolayers (Andrade et al., 2017) . The TEER values between days 19 and 21 days of incubation were in the range from 450 to 500 ΩÁcm 2 , which met with the experimental requirements. Fluorescein sodium, which is highly water soluble, was able to be transported into the intercellular space and was therefore an important indicator for the evaluation of the integrity of cell monolayers (Hurni et al., 1993) . According to international standards of drug absorption, absorption in the range from 0% to 20% was indicative of poorly absorbed substances. In our study, the standard curve of the relationship of the fluorescein sodium concentration and time was y = 0.052x + 0.053 (R 2 = 0.9983) and the results of the samples are shown in Fig. 3b , in which the absorption of AP-BL and BL-AP was all below 5% at 210 min. Therefore, the tested monolayers could be identified as a poorly permeable structure, indicating that the junctions of Caco-2 monolayers were tight enough to allow the next absorptive assay.
In addition, microscopy techniques were used to observe the cellular morphology during the establishment of Caco-2 cells monolayers and the recorded images are shown in Fig. 3c . On day 0 of culture, Caco-2 cells were irregularly distributed in the media and shown not to form a tight structure. The tight junction structures, as indicated by arrow 'a', between Caco-2 cells were formed on day 1 and significantly increased on day 3; correspondingly, the margins between Caco-2 cells, as indicated by arrow 'b', were decreased from incubation between days 1 and 3, and were low on day 14. At the end of days 20 to 21, the Caco-2 cell monolayers were very tight and showed almost no margin. The variation of Caco-2 cellular Data are expressed as mean AE SD, the superscripts following each figure in the same line indicate significant differences at P < 0.05, n = 3. Analysis of Caco-2 absorption of DA-P A gradient concentration of DA-P, dissolved with HBSS, was constructed and the parameters of standard curve for the absorption were y = 0.6927x (R 2 = 0.99851) and the results of absorption assay are shown in Table 1 . As shown, before and after the assay, the TEER performed not significant difference in the AP-BL and BL-AP wells, which indicated that the experimental treatment did not destroy Caco-2 monolayers. After incubation for 3 h, the absorption of DA-P to Caco-2 from the AP side to the BL side was 25.57% AE 0.016%, higher than that from the BL side to the AP side, which suggested that the low molecular weight peptide fraction was able to cross into Caco-2 cells and that the AP-BL side performed relatively better (Zhu et al., 2008) . As the absorption of DA-P was higher than the range 0-20%, which was identified as a poorly absorbable substance, we concluded that DA-P was an easily absorbed peptide fractions when it arrived in the intestinal lumen (Markowska et al., 2001; Press & Di, 2008) .
It was reported that there were various types of enzyme inside the Caco-2 cells that were able to degrade and metabolise the truncated peptides and therefore form beneficial or non-toxic peptide that may be expelled from the cells. Therefore, after absorption and excretion, the amino acid composition and sequences may be altered (Terada et al., 1999; Herrera-Ruiz et al., 2001) . In our study, we analysed the free amino acid composition and LC-MS/MS was performed; the results are shown in Tables 2 and 3 , respectively. As can be seen in Table 2 , the free amino acid compositions were clearly changed in comparison with the compositions in unabsorbed DA-P. After the injections of samples in different sides, the types and amounts of amino acids varied; from the AP-BL side, seven amino acids were found with relatively high contents after the absorption and degradation of Caco-2 cells, but from the BL-AP side, only His exhibited a high concentration of 0.5248 AE 0.21 nmol mL À1 . In addition, with regard to the amino acid sequence analysis as shown in Table 3 and their detail chromatograms were performed in Appendix S1, the sequences also varied after metabolism in Caco-2 cells, in which it was very interesting that the peptide sequence Ser-Ser-Arg was not changed after absorption whatever the side of sample injections indicating that the specific sequence was able to come across the monolayers and therefore acted as functional peptide source. The free amino acids and small molecular weight peptide sequences induced various positive effects on the promotion of wellbeing (Sarmadi & Ismail, 2010) . In conclusion, we deduced that given the strong absorption of DA-P below the 1 kDa fraction, the free amino acid compositions, as well as the sequences, were mostly changed after the absorption, degradation and expulsion effects of Caco-2 cells, which may result from the relevant proteases in Caco-2 cells. Moreover, because of the specific structure of tight junctions formed by Caco-2 monolayers, various metabolic functions result from the different types and amounts of amino acids after Caco-2 absorption.
The relationship of CAA and cytokine secretion of RAW 264.7 and Caco-2 absorption on DA-P Based on the above results and discussion, we determined the possible bioactivities and corresponding pathways of DA-P absorption in the intestinal lumen, which was stimulated in Fig. 4 . Two important components of the intestinal immune system were the enterocyte cell layer and the gut-associated lymphoid tissue (GALT) system, which consists of various immune cells (Thompson-Chagoyan et al., 2005) . As shown in Fig. 4a , the T cells, B cells and dendritic cells were clustered in follicles, named as Peyer's Patches. It was reported that the protective effects of orally administered beneficial substances were mediated through receptor-mediated interactions with Microfold (M)-cells, increased the cytokine production and enhanced resistance to infection (Volman et al., 2008) . Meanwhile, inactive macrophages were widely distributed in the GALT and could be stimulated by enterocyte cells, generating direct and indirect immune responses, in which the indirect effects included the secretion of cytokines, such as NO, IL-6 and TNFa. When DA-P reached the intestinal lumen, the absorption of DA-P may occur (as shown in pathway no. 2 in Fig. 4b ) and subsequently enhance the secretion level of cytokines from active macrophages through PRRs, which was performed as shown in pathway no. 3 in Fig. 4b . However, although the amounts of DA-P were unable to be absorbed, as shown in pathways no. 1 in Fig. 4b , DA-P could act mainly in the intestinal mucus through indirect stimulation of the cytokine secretion of active macrophages through the pathway by which DA-P first induced the receptors on the membrane of enterocytes and therefore the signals in enterocytes were transferred to the receptors on the membrane on macrophage. Moreover, as pathways no. 4 in Fig. 4b shown, DA-P could directly enhance the secretion level of cytokines from active macrophages existed in the intestinal mucus.
Meanwhile, the absorbed DA-P could act as free radical scavengers and exert protective effects on specific cells that were experiencing oxidative stress from the blood and internal organs (shown in Fig. 4d ), but the unabsorbed DA-P acted mainly on intestinal mucus, as shown in Fig. 4c .
Moreover, it was reported that orally administered bioactive compounds could be taken up by intestinal macrophages and then transported to the lymph nodes, spleen and bone marrow (Volman et al., 2008) . Therefore, as shown in Fig. 4e , the small molecular weight peptide fractions may be taken up by the macrophages, transported to the target organ, and then exert their immune effects and scavenging functions.
Conclusion
This study focused on the bioactivities of the peptide fractions below 1 kDa of D. aphyllum in RAW 264.7 and HepG2 cells, the absorption into Caco-2 cells, and demonstrated the potential applications as a functional food supplement. Through the CAA assay, DA-P showed a satisfactory antioxidant capability; through the secretion level of cytokines, DA-P exerted strong immune effects; and a portion of DA-P was absorbed through Caco-2 monolayers. The antioxidant activities and the relevant immune functions were the major effects of the specific amino acid composition and sequences, as well as from special amino acids, including Tyr and Trp, at the end of the peptide sequence. The experiments in the Caco-2 monolayers showed a high absorption rate in Caco-2 cells and the possibility that DA-P may be degraded by proteases inside the cells. Ser-Ser-Arg was indicated as the specific sequence that was able to come across the monolayers and therefore may act as functional peptide source. Meanwhile, the absorption property implied a potentially high bioavailability of DA-P, which may play a role in the antioxidant and immune capabilities.
